Abstract Compacted soil has an adverse effect on plant roots and affects water and nutrient availability.
Introduction
Soils of coniferous forest may be compressed due to in natural conditions such as repeated freezing and thawing of seasonal frozen ground (Defossez and Richard 2002; Sivarajan et al. 2018) , and by factors such as macro-and micro-fauna activities (D'Or and Destain 2016) . In addition, the weight of mature trees and downward forces of wind action are transmitted through root systems to the soil to affect compaction (Greacen and Sands 1980) . Compaction affects many soil properties and processes (SiegelIssem et al. 2005; Soracco et al. 2015) . From a physical consideration, compaction affects soil water levels (Menon et al. 2015) , infiltration rates (Castellano and Valone 2007; Antille et al. 2016) , and gas transmission (Peth et al. 2010) . From a chemical aspect, compaction may cause changes in carbon, nitrogen, and phosphorus levels (Tan and Chang 2007; Tan et al. 2008) , and lead to soil degradation (Severiano et al. 2011; Goutal et al. 2012) . Furthermore, compaction decreases the activities of soil micro-fauna and microorganisms (D'Or and Destain 2016; Venanzi et al. 2016 ). Compacted soil is not conducive to the development of roots (Botta et al. 2007; Liu et al. 2015; Colombi and Walter 2016) . Compressed soil can inhibit cell division of root tip tissues (Tracy et al. 2012) , and significantly affect the regeneration of understory vegetation (Cambi et al. 2018) . Therefore, soil compaction management is an important part of the sustainable use of soil resources (Guimarães et al. 2017) .
Forest classification can help delineate communities with geomorphology diversity (Sannikov et al. 2017) . Under similar site and hydrothermal conditions, different forest types often have one or more dominant tree species. Godefroid and Koedam (2004) studied the responses of herbs and mosses to soil compaction and found that 61% of all species correlated significantly with compaction. Compressed soil can adversely affect the survival of plants and may be the reason for the variation in undergrowth vegetation. The response of spatial variation of undergrowth vegetation to soil compaction may vary according to soil depth. Therefore, the hypothesis is proposed that soil compaction may be used to explain characteristics of larch forest type distribution. The objectives were to confirm: (1) any differences amongst soil compaction distribution characteristics of different forest types; (2) whether there is a consistent rule for soil compaction variation with depth in different forest types; (3) whether there is a significant difference in soil compaction of different forest types at the same soil depth; and, (4) whether there is a difference amongst soil compaction of different forest types on the basis of undergrowth vegetation.
In this study, soil compaction of 10 forest types of Dahurian larch (Larix gmelinii Rupr.) were compared. Dahurian larch is the main species in the Daxing'anling forest area. Based on the evaluation of soil compaction of the different Dahurian larch forest types, spatial heterogeneity of soil physical properties has not been fully evaluated toprovide support for forest and soil management.
Materials and methods

Study area
The Daxing'anling Mountains (Great Khingan Mountains) may be divided into southern, middle, and northern parts. The total length exceeds 1200 km and significant climate differences occur (Shi et al. 2010) . The study area is on the western slope of the northern part of the Daxing'anling and has a humid to semi-humid continental monsoon climate, and a significant monsoon period. This area is affected by the Siberian High from October to April each year where temperatures are frigid, the lowest recorded was -58°C, which occurred in 2012. There are large areas of coniferous forest, broad-leaved mixed forest and meadow steppes. The main coniferous species is Dahurian larch. Soil measurements followed national standards of methodology for long-term forest ecosystem research (GB/T 33027-2016) . Eight soil sampling points were selected and diagonal sampling adopted. The soil is a brown coniferous forest soil (Wang et al. 2001) , classified as alfisol, with pH 5.2-6.5. The thickness of the soil varies from 5 cm to 40 cm. Eleven frozen earth wells were established based on habitat conditions, and temperature sensors (Cold and Arid Regions Environmental and Engineering Research Institute, Chinese Academy of Sciences, Beijing, China) were deployed at each depth to measure soil temperatures and confirm the depth of permafrost or frozen soil. Approximately 92% of the area is permafrost, averaging 50 m to 60 m thick. Seasonal frozen ground freezes and thaws repeatedly every year but permafrost never thaws.
Measurements of soil compaction in different larch forest types
The Dahurian larch forest types were: Larix gmelinii-Ledum palustre forest, Larix gmelinii-grass species forest, Larix gmelinii-Bryaceae forest, Larix gmelinii-Carex schmidtii wetlands, Larix gmelinii-Betula fruticosa forest, Larix gmelinii-Ledum palustre-Sphagnum palustre forest, Larix gmelinii-by rock garden forest, Larix gmelinii-Pinus pumila forest, Larix gmelinii-Rhododendron dahurica forest and Larix gmelinii-riverine forest. Sample plots in the different forest types were selected based on latitude, longitude, elevation and exposure to ensure that these plots were under similar natural conditions. Soil compaction at different depths was measured in a temporary 30 m 9 30 m plot in each forest type (Table 1) . Thirty-six repeated experiments were carried out in each plot, with sampling points selected systematically. The distance between the two adjacent points was 5 m. The soil was measured with a soil compaction meter (type SC900, Spectrum Technologies, Plainfield, IL). Statistical analysis of data used SPSS v19.0 (SPSS Inc., Chicago, IL).
Results
Soil compaction distribution characteristics of larch forest types
Samples were used to conduct descriptive statistics and analysis ( Fig. 1 ). Soil compaction of Larix gmelinii-grass species forest, L. gmelinii-Betula fruticosa forest, L. gmelinii-by rock garden forest and L. gmelinii-Pinus pumila forest were more concentrated than the other forest types. Soil compaction average values were from small to large:
gmelinii-Ledum palustre-Sphagnum palustre forest. The greatest soil compaction was under Ledum palustreSphagnum palustre forest.
Change characteristics of soil compaction with depth
The correlation between compaction and depth in all forest types was positive and reached significant levels (p B 0.001) (Fig. 2) . There was a strong correlation between soil compaction and soil depth in L. gmelinii-Bryaceae forest, L. gmelinii-Carex schmidtii wetlands, L. gmeliniigrass species forest, L. gmelinii-Betula fruticosa forest, L. gmelinii-Rhododendron dahurica forest and L. gmeliniiLedum palustre forest. There was a moderate correlation between soil compaction and depth in L. gmelinii-Pinus pumila forest, L. gmelinii-Ledum palustre-Sphagnum palustre forest, L. gmelinii-by rock garden forest and L. gmelinii-riverine forest.
The significance of the differences in soil compaction under different larch forest types
The mean values of soil compaction showed different distribution characteristics. At different depths, there were significant differences (p B 0.05) in soil compaction among forest types (Table 2 ). Under the condition that the soil depth includes all depth layers, there were significant differences (p B 0.05) in soil compaction between L. gmelinii-Ledum palustre forest and L. gmelinii-Pinus pumila forest, between L. gmelinii-Bryaceae forest and L. gmelinii-Pinus pumila forest, between L. gmelinii-Ledum palustre-Sphagnum palustre forest and L. gmelinii-Pinus pumila forest, and between L. gmelinii-Pinus pumila forest and L. gmelinii-Rhododendron dahurica forest.
The significance of the differences in soil compaction varied with depth (surface 10 cm, 10-20 cm, 20-30 cm and [ 30 cm). Different forest types showed different results of soil compaction at different depths. The significance of the results of the differences of forest types cannot be applied to all soil depths, and such significance was strengthened at different depths.
In conclusion, 45 multiple comparisons of soil compaction under ten Dahurian larch forest types were carried out. Of these, the significance of differences cannot be detected in five cases, indicating that differences in soil The influence of soil compaction in explaining spatial heterogeneity of different larch… compaction were not significant (p [ 0.05) when the soil depth was not specified. There were no significant differences (p [ 0.05) in soil compaction between Larix gmelinii-grass species forest and L. gmelinii-Pinus pumila forest, L. gmelinii-grass species forest and L. gmeliniiriverine forest, L. gmelinii-Bryaceae forest and L. gmelinii-by rock garden forest, between L. gmelinii-by rock garden forest and L. gmelinii-Pinus pumila forest, and between L. gmelinii-Pinus pumila forest and L. gmeliniiriverine forest. Except for these five cases, the multiple comparisons among other forest types were significant (p B 0.05).
Soil compaction differences by forest types after classification
Ten larch forest types were classified into three groups according to undergrowth and dominant species: L. gmelinii-shrub forest type, L. gmelinii-herb forest type and L. gmelinii-swamp forest type. There was no significant characteristic of soil compaction confirmed between two sample plots of the three forest groups (Table 2) . However, no forest group showed any significant differences (p [ 0.05) in soil compaction between the two sample plots at all soil depths. After dividing the soil into layers, the three groups showed significant differences (p B 0.05) in soil compaction. L. gmelinii-shrub forest type and L. gmelinii-herb forest type had compaction differences at depths of 0-10 cm. L. gmelinii-shrub forest type and L. gmelinii-swamp forest type had compaction differences at all depths except at 10 cm to 20 cm (Table 3) . L. gmelinii-herb forest type and L. gmelinii-swamp forest type had compaction differences at depths of 10 cm to 20 cm. Differences between the forest groups varied as soil depth changed.
Discussion
Soil compaction influences undergrowth vegetation in different forest. Vetsch and Randall (2002) noted that different degrees of soil compaction may be suitable for growth and development of different plants. Ten different forest types in this study all have different mean values of soil compaction. This is in agreement Vetsch and Randall (2002) . However, the influence of soil compaction was not reflected in the canopy layer since only Dahurian larch forest were studied. Roots of larch showed no response to soil compaction (Busse et al. 2017) . However, soil compaction did affect undergrowth vegetation. In this study, the larch forest types were classified into three groups on the basis of undergrowth vegetation. The differences The influence of soil compaction in explaining spatial heterogeneity of different larch… among the three groups were not significant (p [ 0.05) until a comparison of compaction and soil depth. The three groups showed significant differences (p B 0.05) between two sample plots after delineation of soil depth. The results from this study show that soil compaction may explain characteristics of species distribution. Significant differences existed in soil compaction of different forest types. This is consistent with the results of Williamson and Neilsen (2000) , showing that soil compaction is closely related to forest types.
The study area has several sites with soil which freezes and thaws each year. Such repeated freezing and thawing can affect soil compaction but varies with soil depth. Several studies (Edwards 2013; Fouli et al. 2013; Jabro et al. 2014) confirm the results in this study by showing repeated freezing and thawing of soil affects the compaction of surface soil but stops at certain depths as a threshold.
Soil compaction varied among different forest types, but there was no result on forest types based only on soil compaction. Different forest types showed different compaction characteristics at different depths. Rab (2004) and Ampoorter et al. (2012) have shown that soil compaction has more effects on surface soil than on deeper layers. We also obtained the same results. However, the results varied when the effect of soil depth was not considered during the study of soil compaction. After examining soil depths, the forest groups showed significant differences (p B 0.05) between two arbitrary sample plots. If soil compaction at different depths is obtained through the uniform calculation of mean using forest types as the only dimension, effective differences information will be neglected. Soil compaction varies at different soil depths and this should be considered when carrying out research on the correlation of soil compaction and forest distribution. Depths and compaction were positively correlated, but the rate of increase in compaction along with an increase in depth varied among different forest types. The effect of soil depth on undergrowth vegetation should be fully considered when explaining different forest types using the soil compaction.
Conclusions
This study analyzed the significance of different characteristics of soil compaction of ten major Dahurian larch forest types. Soil compaction at four depths was studied to analyze the significance of the differences in compaction, and the significance of forest types. As a physical property index of soil, the differences in compaction may be used to explain spatial variability of forest species distribution. 
